1. The metabolic activation of carbon tetrachloride to free-radical intermediates is an important step in the sequence of disturbances leading to the acute liver injury produced by this toxic agent. Electron-spin-resonance (e.s.r.) spin-trapping techniques were used to characterize the free-radical species involved. 2. Spin trapping was applied to the activation of carbon tetrachloride by liver microsomal fractions in the presence of NADPH, and by isolated intact rat hepatocytes. The results obtained with the spin trap N-benzylidene-2-methylpropylamine N-oxide ('phenyl t-butyl nitrone') (PBN) and [13Clcarbon tetrachloride provide unequivocal evidence for the formation and trapping of the trichloromethyl free radical in these systems. 3. With the spin trap 2-methyl-2-nitrosopropane, however, the major free-radical species trapped are unsaturated lipid radicals produced by the initiating reaction of lipid peroxidation. 4. Although pulse radiolysis and other evidence support the very rapid formation of the trichloromethyl peroxy radical from the trichloromethyl radical and oxygen, no clear evidence for the trapping of the peroxy radical was obtainable. 5. The effects of a number of free-radical scavengers and metabolic inhibitors on the formation of the PBN-trichloromethyl radical adduct were studied, as were the influences of changing the concentration of PBN and incubation time. 6. High concentrations of the spin traps used were found to have significant effects on cytochrome P-450-mediated reactions; this requires caution in interpreting results of experiments done in the presence of PBN at concentrations greater than 50mM.
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Free-radical intermediates with short biological half-lives have been demonstrated to be of importance in many examples of tissue injury that require the metabolic activation of a primary toxic agent (for reviews see Slater, 1972; Pryor, 1976 Pryor, -1980 Mason, 1979) . Because such types of free radical generally have very short lifetimes and, moreover, since their rate of production is usually rather low, the concentrations of these free radicals are frequently below the level of detection by direct e.s.r. spectroscopy. For example, attempts to detect the formation of a free-radical product resulting from instance with polymorphonuclear leucocytes (Rosen & Klebanoff, 1979; Green et al., 1979) and with isolated hepatocytes (Tomasi et al., 1980) . Carbon tetrachloride is a much studied hepatotoxin (Recknagel, 1967; Slater, 1972; Recknagel et al., 1977; Dianzani, 1982) that produces centrilobular necrosis and fatty degeneration of the liver. CC14 is actively metabolized by isolated hepatocytes, and this metabolic activation is associated with an increased lipid peroxidation (Poli et al., 1978) and with decreases in protein synthesis and in lipoprotein secretion (Poli et al., 1979) . The activated intermediate resulting from the metabolism of CC14 by the NADPH-cytochrome P-450 electron-transport chain in liver endoplasmic reticulum is generally considered to be the trichloromethyl free radical CC13 (Slater, 1972; Recknagel et al., 1977; . Previous attempts to trap the CC13 free radical with 2-methyl-2-nitrosopropane in liver microsomal suspensions (Ingall et al., 1978) were not successful, but more recently Poyer et al. (1980) and Tomasi et al. (1980) have reported the successful trapping of CC13 in liver microsomal fractions (referred to below simply as 'microsomes') with the spin trap N-benzylidene-2-methylpropylamine N-oxide (PBN). Preliminary evidence for the trapping of CC13 by PBN in isolated hepatocytes (Tomasi et al., 1980) , has also been given, and successful trapping of CCl4-derived free-radical species has been obtained under conditions in vivo .
In the present study we have extended previous investigations (Tomasi et al., 1980) on the interaction of CC13 with PBN in isolated hepatocytes, and revise the interpretation of earlier work with 2-methyl-2-nitrosopropane (MNP) (Ingall et al., 1978) in the light of our additional information. Our objectives have been to positively identify the occurrence of CC13 free radicals in isolated hepatocytes, and in rats in vivo, during exposure to CC14, and to investigate the effects of various competing free-radical scavengers on the formation of the PBN-CC13 adduct.
Materials and methods N-Benzylidene-2-methylpropylamine N-oxide and 2-methyl-2-nitrosopropane were obtained from Aldrich Chemical Co., Milwaukee, WI, U.S.A.; 13CCI4 was purchased from New England Nuclear Corp. Adult male albino rats (body wt. approx. 200g) were maintained on a standard laboratory diet (Labsure Animal Food, Christopher Hill Group, Poole, Dorset, U.K.) and water ad libitum. Rats were killed by cervical dislocation, and microsomes were prepared as previously described (Slater & Sawyer, 1971) ; the microsomal pellets were resuspended in 0.15 M-KCI immediately before use to give a concentration equivalent to 1 g original wet wt. of liver/ml of suspension. Incubations of microsomal suspensions at 370C in an NADPH-generating stock solution, and the addition of CC14, were done as described by Slater & Sawyer (1971) .
The demethylation of aminopyrene by liver microsomes in an NADPH-generating buffered solution was measured by the method given by Orrenius (1965) , with the use of the formaldehyde determination method of Nash (1953) . Cytochrome P-450 difference spectra were obtained as described by Schenkman et al. (1967) , with a Carey 219 spectrophotometer.
Rat hepatocyte suspensions were prepared by the method of Poli et al. (1979) . Samples (2ml) of the suspension, containing 10'cells/ml, were incubated at 370C in stoppered Erlenmeyer flasks (capacity 50ml) that had central wells in which was placed lO,l of CC14 when required. Under these conditions, the concentration of CC14 in the hepatocyte suspension at the end of the 10min incubation was approx. 140pM (Poli et al., 1979) .
The uptake of Trypan Blue by hepatocytes, the release of lactate dehydrogenase and the production of malonaldehyde by hepatocytes were measured as previously described (Poli et al., 1979 Folch et al. (1957) . The PBN adduct solution for e.s.r. analysis was concentrated by partial removal of the chloroform solvent under an atmosphere of N2. In these experiments the amount of CC14 used was 0.1 ml in 0.9 ml corn oil; the "3CCd4 was 50% 13C: 12C; the amount of PBN injected was 17mg in 0.9ml of corn oil.
The covalent binding of 14CC14 to microsomal protein was determined by the procedure of Cheeseman (1981) .
Results
Experiments with 2-methyl-2-nitrosopropane (MNP) Incubation of rat liver microsomes with NADPH, CCl4 and MNP at 37°C extracted in chloroform/methanol (2: 1) resulted in the formation of a nitroxy radical adduct with a characteristic e.s.r. triplet hyperfine splitting of 1.5 mT (Fig. la) . With short incubation times no significant e.s.r. signal was observed in the absence of CC14 (Fig. lb) or without NADPH. Replacement of CC14 with CHC13 also resulted in an absence ofthe strong triplet signal ( Fig.  lc) , but CBrCl3 gave a more powerful signal response than found with CC14. The formation of the nitroxyl adduct thus appeared to be dependent on the presence of CC14 and NADPH; the intensity of the triplet signal varied with the incubation time up to a maximum intensity at approx. 5 min. Rat liver microsomes incubated in a flat cell placed in the e.s.r. cavity in the presence of NADPH, CC14 and MNP for longer than 5 mm resulted in a composite spectrum, as shown in Fig. 2(b) . The set of four lines is due to the t-butyl hydronitroxide, presumably derived by microsomal reduction of MNP (Kalyanaraman et al., 1979a) ; the remaining absorptions are formed by the overlapping of different radicals.
When "3CCl4 was used in place of unlabelled CC14 in similar experiments to those described above, there was no detectable splitting of the main triplet signal, as would be expected to occur if the adduct Vol. 204 was formed from the following reaction:
In consequence, the trapped species can be considered to be a secondary species derived from the interaction of CCl3 with its local environment.
Possibilities for such a secondary species are (Ingall et a!., 1978 ) the trichloromethylperoxyl radical (CC1302') or a lipid-derived carbon-centred free radical of a polyunsaturated fatty acid (PUFA").
Since the CCl302" species is very reactive (Packer et al., 1978 (Packer et al., , 1980 , then it probably would not be effectively trapped by MNP in the concentrations that can be used in these experiments. Moreover, the adduct formed from CC1302 and MNP would be expected to show a hyperfine splitting aN of approx.
2.7mT rather than the much smaller value experimentally observed ( Fig. la) . We conclude that the likely species trapped in the results described in Figs. 1(a) and 2(b) are lipid-derived radicals. Evidence consistent with this conclusion was derived by the incubation of linoleic acid, linolenic acid and arachidonic acid with lipoxygenase and MNP (Figs. 2c, 2d and 2e). The hyperfine splitting constants were aN 1.53mT and aH 0.21mT for the radical adduct derived from linoleic acid, aN 1.57mT and aH 0.2OmT for that derived from linolenic acid, and aN 1.44mT and aH 0.275mT for that derived from arachidonic acid. These values are consistent with carbon-centred radicals.
The overlapping of different MNP-fatty acid radical adducts could give rise to a resulting spectrum close to that shown in Fig. 2(b) .
The extraction of the same samples in chloroform/methanol (2:1) causes a broadening of the lines and consequently the disappearance of the hydrogen hyperfine splitting; the resulting spectra are similar to those shown in Fig. 1 (a) . Therefore we assign the spectra arising from microsomes incubated in the presence of NADPH, CCl4 and MNP, either extracted in organic solvent or not, to a lipid derivative radical adduct formed by the interaction of CCl4 with polyunsaturated fatty acids. The MNP adduct formed by incubating CC14, NADPH, microsomes and MNP at 370C was unstable; attempts to form the MNP-CC13 adduct by direct radiolysis of CCl4 with MNP (Ingall et a!., 1978) were complicated by the oxidative breakdown of the primary adducts to yield an acyl product as described by . Direct photochemical formation of CCl3* in the presence of MNP in quartz tubes in the e.s.r. spectrometer cavity were successful in demonstrating adduct formation (Symons et a!., 1982) . However, the adduct signal Experiments with N-benzylidene-2-methylpropylamine N-oxide (PBN) The e.s.r. spectrum obtained on incubating isolated rat hepatocytes with CCd4 and PBN is illustrated in Fig. 3(b) ; the effect produced by omitting CC14 is shown in Fig. 3(a) , and the result produced by using "3CCl4 is shown in Fig. 3(c) . The spectrum given in Fig. 3(b) shows a strong triplet of doublets with hyperfine splitting constants aN 1.4 mT and aH 0.175 mT. The introduction of 13C produced a splitting of the spectrum lines (aN 0.97 mT), as shown in Fig. 3(c) The hyperfine features of the triplet of doublets shown in Fig. 3(b) are consistent with results obtained by high-energy radiolysis of CC14 in the presence of PBN (Symons et al., 1982) , and allow the assignment of the adduct as that formed by addition of CCl3 to PBN. It is important to note that spectra identical with those discussed above for isolated hepatocytes have also been obtained by using rat liver microsomes with PBN (50mM) and by injecting PBN (100mg/kg body wt.) intraperitoneally into rats after they had been dosed with CC14 (Figs. 4b and 4c) . Our results are in essential agreement with those obtained by Poyer et al. (1980) , who used microsomes and also studied the situation in vivo.
The effects of varying the incubation time at 370C and the concentration of hepatocytes in the suspension of the e.s.r. signal in the presence of PBN are shown in Fig. 5 . The signal intensity increases with increasing time of incubation up to about 15min, but thereafter there is no significant change. The e.s.r. response clearly increases with the number of cells in the suspension up to the maximum concentration studied here (20 x 106/ml; Fig. 5 ).
Varying the concentrations of PBN in the hepatocyte/CC14 mixture produced the results shown in Fig. 6 significant effects on cell viability (measured by lactate dehydrogenase release into the medium and by Trypan Blue exclusion). The ability of PBN to interfere with the CC14-stimulated lipid peroxidation in isolated hepatocytes is shown in Fig. 7 ; there is a clear relationship between the intensity of the PBN-CC13 adduct signal and the decrease in lipid peroxidation as measured by the thiobarbituric acid reaction.
Some similar effects of PBN on microsomal activities are given in Table 1 , with corresponding data for MNP for comparison. It can be seen that both PBN and MNP inhibit the CCl4-stimulated lipid peroxidation when present in concentrations over 2mM; PBN also strongly inhibits the demethylation of aminopyrene and gives a type I binding spectrum with microsomes from phenobarbital-treated rats. Table 2 gives results obtained when various free-radical scavengers are included with PBN, CC14 and isolated hepatocytes; these compounds are known to inhibit strongly CCl4-stimulated lipid peroxidation under these conditions both in isolated hepatocytes and in microsomal suspensions (Poli et al., 1978; Slater & Sawyer, 1971) . It can be seen that agents such as promethazine, propyl gallate and (+)-catechin, which all inhibit lipid peroxidation strongly at the concentrations shown in Table 2 , had little effect on the PBN adduct formation. The results given in Table 2 for PBN are similar to those reported for MNP by Ingall et al. (1978) . Inhibitors of cytochrome P-450-catalysed metabolism (compound SKF 525A and p-chloromercuribenzoate) had no significant effect on the PBN adduct response in microsomes, but gave a small inhibition of e.s.r. signal intensity in hepatocyte suspensions (Table 2) . Some small variations in hepatocyte response can be expected, however, as a result of direct action of some of these compounds on the cells. In microsomes the concentrations of compound SKF 525A and p-chloromercuribenzoate shown in Table 2 gave stimulation of the covalent binding of '4CC14 to protein (Cheeseman, 1981) .
Inhibition of the PBN-CC13 adduct by p-chloromercuribenzoate has been obtained in microsomes with higher concentrations of the drug (Poyer et al., 1978) , which are, however, unsuitable in isolated liver cells. Table 2 shows that menadione and a-tocopherol at low concentration decreased the PBN adduct signal; the effect is dose-related, as shown in Fig. 8(a) . The addition of a-tocopherol to the preformed PBN-CC13" adduct caused a sharp decrease of the e.s.r. signal intensity, probably through a reduction of the adduct. However, the concentrations required are much higher than that (Fig. 8b) Table 1 . Effects ofMNP and PBN on several liver microsomal activities The systems investigated were: (i) CC14-stimulated lipid peroxidation (Slater & Sawyer, 1971) ; (ii) '4CC14 binding to microsomal protein (Cheeseman, 1981) ; (iii) aminopyrene demethylase activity (Orrenius, 1965) ; (iv) the difference spectra resulting from the addition of MNP or PBN to one microsomal suspension in a double-beam spectrophotometer experiment (Schenkman et al., 1967 (De Groot et al., 1973; Kalyanaraman et al., 1979b (Tomasi et al., 1980; Symons et al., 1982) . The adduct formed in isolated hepatocytes with CC14 and in microsomes + NADPH + CC14 has features under e.s.r. examination identical with those of that formed by direct radiation of CC14 in the absence of 02 (Symons et al., 1982) . Moreover, the adduct formed in the biological situations shows clear hyperfine splitting with 13C substitution in CCI4, pointing to the presence of the 13C atom ,3 to the nitrogen atom in PBN. Although radiation studies (Tomasi et al., 1980; Symons et al., 1982) have demonstrated a small but significant change in the PBN-CC13 adduct when 02 iS present (notably a decrease in the aN hyperfine splitting constants and lack of 13C hyperfine splitting), no definite evidence could be found for this adduct under biological conditions. The most likely candidate for this particular adduct is the PBN-CC13 adduct formed via an interaction of the highly electrophilic CC1302 species (Packer et al., 1978 (Packer et al., , 1980 (Tomasi et al., 1980 The results shown in Table 1 indicate some areas of concern that should be carefully evaluated before interpretation ofthe results obtained with spin traps in biologically complex systems. The spin traps studied in the present work, MNP and PBN, both interact with cytochrome P-450 to give difference spectra, and both have inhibitory effects on the mixedfunction oxidation of aminopyrene. Thus, in attempting to trap reactive intermediates that are themselves produced by a metabolic activation involving the NADPH-cytochrome P-450 electrontransport chain, it is important not to use concentrations of the spin trap that effectively decrease the metabolic activation necessary for the study. A similar argument can also be presented, for example, in relation to the concentration of CC14 used in generating a particular reactive intermediate (in this case CC13 ). It is known that the production of CC13* (and presumably CC1302, since the reaction of CC13 with 02 is essentially diffusion-controlled; Slater, 1982) , as judged by the stimulation of lipid peroxidation, increases in relation to the square root of the concentration of CC14 over a rather narrow range (Slater & Sawyer, 1971) ; with high concentrations of CC14 the metabolic activity of the NADPH-cytochrome P-450 system is strongly depressed.
The effects of free-radical scavengers on the formation of the MNP and PBN adducts ( (Slater, 1982) , and yet they also have little effect on the MNP-PUFA adduct. The corresponding results with PBN are less difficult to understand, as PBN essentially traps CCl3 (see above) and this radical species does not react rapidly with promethazine (see Slater, 1982 ). An explanation of the apparently anomalous results with MNP can be obtained through inspection of Fig. 9 , which shows that the formation of the MNP-PUFA adduct in isolated cells, or in microsomal suspensions and without chloroform/methanol extraction, is very slow over the first 10min of incubation at 370C. Only when the suspensions are extracted with chloroform/methanol is any rapid reaction apparent. These findings suggest that in the microsomal suspensions, and in the isolated hepatocytes, there is some barrier (either energetic or topographical) that results in a very slow reaction of MNP with PUFA". If this reaction is much slower than the initiation of peroxidation by CC13 (rather than the known fast reaction of CC1302 with PUFA), then the effects of promethazine, propyl gallate and (+)-catechin can be understood. In such a situation lipid peroxidation would be initiated by CC13, which is itself not readily scavenged by promethazine etc. These points are illustrated in Scheme 1. In relation to this Scheme it is worth noting that promethazine, propyl gallate and (+)-catechin have little influence on covalent binding of 14CCI4 to microsomal protein, presumably operating via the CC13 radical (Cheeseman, 1981) , whereas a-tocopherol strongly inhibits covalent binding and PBN adduct formation. Menadione, which also strongly inhibits PBN adduct formation, has a significant effect on covalent binding of 14CCI4 (Cheeseman, 1981) related to the electron diversion at the flavoprotein site and may also interact with PUFA via electron donation.
